The extinction of learned fear is widely regarded as a valuable preclinical animal model of exposure-based therapies for human anxiety disorders (Myers and Davis 2002) . A common procedure for inducing learned fear involves Pavlovian conditioning where an initially neutral stimulus (the conditioned stimulus [CS] ) is paired with an aversive unconditioned stimulus (US). In extinction, repeated presentation of the CS in the absence of the US reduces fear elicited by the CS. Extinction is thought to involve new learning of a CS -no US association and is critically dependent upon N-methyl-D-aspartate (NMDA) receptors (Falls et al. 1992; Baker and Azorlosa 1996; Sotres-Bayon et al. 2007 , 2009 ). The decrement in the conditioned response (CR) produced by extinction is not always permanent, because recovery of the CR often occurs when the CS is presented in a different physical context to the extinction context, termed renewal (Bouton and Bolles 1979a) . Recovery of the CR may also occur following an unexpected aversive event or re-presentation of the US, referred to as reinstatement (Bouton and Bolles 1979b) . Finally, CRs which have been extinguished can spontaneously recover with the passage of time (Quirk 2002; Rescorla 2004) .
Despite exposure therapy being an effective treatment for anxiety disorders, the high rate of relapse after treatment is a limitation of such therapies (Hofmann and Smits 2008) . Hence, there is considerable interest in developing pharmacological adjuncts that can enhance the loss of fear and reduce relapse phenomena by facilitating learning and memory processes underlying extinction (Graham et al. 2011; Kaplan and Moore 2011) . One effective adjunct is D-cycloserine (DCS) , an NMDA receptor partial agonist, which facilitates extinction retention in rats (Walker et al. 2002; Ledgerwood et al. 2003) . Importantly, the long-term retention of fear extinction is enhanced by DCS only when within-session extinction occurs (Weber et al. 2007) , suggesting that DCS facilitates the learning underlying extinction, rather than reducing levels of state anxiety (see Richardson et al. 2004; Vervliet 2008) . DCS reduces some forms of relapse, such as reinstatement, in both rats Bertotto et al. 2006 ) and humans (Kuriyama et al. 2011 ) but does not prevent renewal (Woods and Bouton 2006; Bouton et al. 2008) . A further benefit is that DCS produces a "generalization of extinction" whereby DCS-treated rats display less fear to a second CS previously paired with the same US but not extinguished (Ledgerwood et al. 2005) . DCS has considerable translational value for treatments for human anxiety disorders (Graham et al. 2011; Myers et al. 2011) . Specifically, DCS has been shown to have positive therapeutic effects for several anxiety disorders, including social anxiety disorder (Hofmann et al. 2006; Guastella et al. 2008) , acrophobia (fear of heights) (Ressler et al. 2004 ), post-traumatic stress disorder (de Kleine et al. 2012) , obsessive-compulsive disorder (Kushner et al. 2007) , and panic disorder (Otto et al. 2010 ; but see Siegmund et al. 2011) .
Although there are many theories about the nature of extinction, very little is known about the specific associative mechanisms responsible for enhanced extinction by pharmacological adjuncts like DCS. One account suggests that a reduction in CS processing underlies extinction (Robbins 1990 ). This explanation proposes that during extinction there is reduced attention (learned inattention) to the nonreinforced CS, which causes decreased conditioned responding. It is possible to test whether DCS facilitates extinction by reducing CS processing using a latent inhibition design. Latent inhibition is the retardation of learning when subjects are given nonreinforced presentations of the stimulus before conditioning (Lubow and Moore 1959; Lubow 1965 ).
This reduction in associability has been viewed as a consequence of reduced attention to the pre-exposed CS (Pearce and Hall 1980; Holtzman et al. 2010) . Extinction and latent inhibition share many behavioral characteristics, such as being context-and temporally specific (Westbrook et al. 2000; Bouton et al. 2006) . In latent inhibition designs, CS-alone exposure occurs before CS-US pairings, whereas for extinction the CS-alone exposure occurs after conditioning. It is well established that DCS promotes learning when the CS is not reinforced during extinction, but it is unknown if DCS may have a similar action on the learning underlying latent inhibition. If DCS alters attention paid to a CS, then it may facilitate learning during CS-alone exposures regardless of whether these occur before (latent inhibition) or after (extinction) conditioning.
A second possibility is that DCS may enhance extinction by promoting the development of conditioned inhibition to the extinction context (Rescorla 1969; Rescorla and Wagner 1972) , as suggested by Woods and Bouton (2006) and Vervliet (2008) . The Rescorla-Wagner learning rule (Rescorla and Wagner 1972) states that learning is caused by an error signal generated by a difference between the intensity of the actual US and that which was expected. When the CS is presented during extinction, the unexpected absence of the aversive outcome (no US) is surprising. This negative prediction error results in a loss of associative strength to the CS and a reduction in fear. The Rescorla-Wagner model predicts that these changes in associative strength are shared among the target CS and other stimuli concurrently present (Rescorla and Wagner 1972) . Therefore, the negative prediction error that drives extinction learning to the target CS can transform other stimuli present during extinction, such as the extinction context, into conditioned inhibitors.
Evidence that the extinction context develops associative inhibition is conflicting, but recent findings suggest that this can occur under certain circumstances (Polack et al. 2012) . Importantly, most studies on DCS and fear extinction use a novel context for extinction training and then test animals in that same context (i.e., an ABB design). If DCS enhances extinction learning by augmenting conditioned inhibition to the context, this would explain why DCS prevents reinstatement Bertotto et al. 2006 ) and the generalization of extinction effect (Ledgerwood et al. 2005 ) when tested in the extinction context. Reinstatement is thought to involve the re-presented US becoming associated with the extinction context (Bouton 2002) . However, if DCS causes the extinction context to become a conditioned inhibitor, the negative associative value of this context should retard the acquisition of a context-US association. When the CS is presented again in the extinction context, the summed associative value of the context and CS will be smaller for animals given DCS and elicit reduced CRs than in saline-treated animals. Therefore, DCS-treated animals would be resistant to reinstatement of fear to the CS. Similarly, the generalization of extinction effect can be accounted for by the negative associative value of the extinction context negating the positive associative value of a nonextinguished CS, causing reduced CRs in DCS-treated animals. Thus, there should be no effect on responding to the CS outside of the extinction context. Consistent with this possibility, DCS does not prevent ABA renewal (Woods and Bouton 2006) . The two cardinal tests for conditioned inhibition are summation and retardation tests (Rescorla 1969) . A stimulus must pass both tests to be deemed a conditioned inhibitor. The evidence reviewed above shows that for DCS-treated rats, the extinction context passes the summation test for both the extinguished CS and an independently trained excitor (Ledgerwood et al. , 2005 . Thus, the experiments reported here studied whether the extinction context passes a retardation test. A retardation test assesses learning of an excitatory association between a CS (or context) and a US (Rescorla 1969) . If DCS promotes the development of conditioned inhibition to the extinction context, then subsequent fear conditioning to that context should be retarded compared to a saline control group.
We directly compared the effects of DCS on fear extinction and latent inhibition to examine whether DCS promotes the loss of fear through reductions in CS processing. Rats were trained to fear a white-noise CS in one context. Some rats were pre-exposed to the CS before conditioning in a different context. Other rats received extinction in this second context. All rats were tested for fear to the CS in the pre-exposure/extinction context. Prior to either pre-exposure or extinction, rats received systemic injections of DCS or saline. We next investigated whether DCS causes the extinction context to become inhibitory using a retardation test. One day after an extinction retention test, rats received an unsignalled footshock in the extinction context. Fear learning to that context was assessed the following day by measuring levels of freezing when rats were returned to the extinction context.
Results
Experiment 1: CS pre-exposures that produce weak or strong latent inhibition DCS facilitates extinction retention when extinction parameters (e.g., six CS presentations, 2 min each with a 2-min inter-trial interval [ITI] ) produce within-session extinction but poor extinction retention in control rats (Ledgerwood et al. 2003) . Experiment 1 examined whether the same six CS-alone procedures would be effective at reducing test performance when presented prior to conditioning (i.e., did this procedure cause latent inhibition?). The design is shown in Table 1 . In this experiment, rats in three groups received either zero, three, or six CS pre-exposures. All groups were equated on exposure to the context. The next day, rats were conditioned to the CS in a different context (two CS-US pairings) and then tested the following day for fear to the CS (two CS-alone presentations) in the same context as pre-exposure.
There were low levels of freezing to CS presentations during pre-exposure (,6% per trial). No freezing (0%) to the CS was observed in any animal on the first conditioning trial. During the second conditioning trial, mean CS-elicited freezing for the no pre-exposure group increased to 31.25% (SEM ¼ 12.74). The groups that had received three or six CS pre-exposures showed a minimal increase in freezing during conditioning (three CS: Mean ¼ 6.25%, SEM ¼ 6.25; six CS: Mean ¼ 1.25%, SEM ¼ 1.25). Analyses of these data showed that freezing significantly increased across conditioning trials (F (1,21) ¼ 7.40, P ¼ 0.013). A significant pre-exposure × trial interaction confirmed that the pre-exposed groups showed a significantly slower rate of acquisition than the no pre-exposure group (F (1,21) ¼ 7.45, P ¼ 0.013), with no significant group differences in the rate of acquisition between the three and six CS pre-exposure groups (F , 1.0, P ¼ 0.671).
Pre-CS freezing before conditioning, extinction, and test was low (Mean , 12%, SEM , 6%) for all experiments. There were no significant group differences in pre-CS freezing in any experiment. Test performance is shown in Figure 1 . There was a significant effect of trial (F (1,21) ¼ 5.57, P ¼ 0.028), indicating overall performance decreased on trial 2. Groups pre-exposed to the CS showed significantly lower freezing at test compared to the no preexposure group (F (1,21) ¼ 15.72, P ¼ 0.001), confirming the presence of latent inhibition. Rats receiving six CS pre-exposures froze significantly less at test (i.e., more latent inhibition) than those receiving three CS pre-exposures (F (1,21) ¼ 6.32, P ¼ 0.020). There was no significant interaction of trial with either pre-exposure (
Experiment 2: DCS administered prior to CS pre-exposure has no effect on the development of latent inhibition
The previous experiment demonstrated that rats receiving three or six CS pre-exposures showed less freezing at test compared to rats which were not pre-exposed to the CS, confirming the presence of latent inhibition. Further, rats receiving six CS preexposures exhibited a stronger latent inhibition effect than those given three CS pre-exposures. Experiment 2 examined whether DCS administered prior to CS pre-exposures affected the learning underlying latent inhibition. Rats received a subcutaneous injection of DCS or saline 15 min before the CS pre-exposure session. There were three groups in this experiment: Saline-3CS, DCS-3CS, and Saline-6CS. Further details of the design are shown in Table 1 . DCS was administered prior to three CS pre-exposures because this amount produced an intermediate level of fear and, therefore, would allow detection of either increased or decreased levels of freezing at test.
During pre-exposure trials, CS-elicited freezing was minimal (≤2%) across each group. All rats showed no freezing (0%) during the first conditioning trial. Statistical analyses revealed that overall, freezing increased significantly during the second conditioning trial (Saline-6CS: Mean ¼ 0%; Saline-3CS: Mean ¼ 9.09%, SEM ¼ 4.15; DCS-3CS: Mean ¼ 10.91%, SEM ¼ 6.67; F (1,29) ¼ 6.07, P ¼ 0.020). The rate of acquisition did not differ between the groups (pre-exposure × trial interaction
CS-elicited freezing at test is shown in Figure 2 . Overall, there was more freezing on the first trial. This was confirmed by a significant main effect of trial (F (1,29) ¼ 10.15, P ¼ 0.003). In the saline groups, there was a significant main effect of pre-exposure (F (1,29) ¼ 9.24, P ¼ 0.005), replicating the findings of Experiment 1 that six CS pre-exposures resulted in lower overall freezing at test (more latent inhibition) than three CS pre-exposures. Although rats displayed slightly higher levels of freezing at test in Experiment 2 than rats in Experiment 1, this may be due to the animals receiving injections before the pre-exposure phase in Experiment 2 but not in Experiment 1. There was no significant interaction of trial with either pre-exposure amount or drug (Fs , 1.0). Comparing the groups receiving three CS pre-exposures, DCS and saline-treated rats showed similar levels of overall freezing at test (F , 1.0), demonstrating that DCS had no effect on the development of latent inhibition using parameters that produced weak latent inhibition.
Experiment 3: DCS facilitates learning during CS-alone exposures in extinction but not latent inhibition
The results of Experiment 2 suggest that DCS administered prior to CS pre-exposure has no effect on the expression of latent inhibition. Experiment 3 aimed to extend these findings by comparing the effects of DCS on extinction and latent inhibition in the same experiment. This experiment used a 2 (Extinction, Latent inhibition) ×2 (Saline, DCS) design shown in Table 1 . We used the same six CS-alone presentations in both the CS pre-exposure and extinction conditions. The animals in each of these conditions were injected either with DCS or saline shortly prior to the CS-alone presentations.
There was minimal freezing to the six CS presentations (,2%) during pre-exposure for the latent inhibition groups. During the first conditioning trial, none of the groups exhibited any CS-elicited freezing (0%). CS-elicited freezing during the second conditioning trial was similar across groups (Saline- 
confirming that the rate of acquisition did not differ between groups. Although rats in the extinction groups showed somewhat lower levels of freezing during the second conditioning trial than might be expected (and compared to similar groups in Experiments 1 and 4), there was clear evidence of learning because these rats showed high levels of CS-elicited freezing during the first extinction trial (see Fig. 3A ). Statistical analyses revealed that levels of freezing significantly decreased across extinction trials (F (1,18) ¼ 97.14, P , 0.001). There was no significant drug effect (F (1,18) ¼ 1.32, P ¼ 0.266), or drug × trial interaction (F , 1.0), indicating that rats in the saline and DCS extinction groups showed a similar rate of extinction and overall levels of fear. Test performance is displayed in Figure 3B . Test data were analyzed using a condition by drug by trial mixed-design ANOVA. Freezing significantly decreased on test trial 2 across groups (F (1,36) ¼ 4.33, P ¼ 0.045). There were no overall significant differences in levels of freezing between extinction and latent inhibition groups (F (1,36) ¼ 3.89, P ¼ 0.056) or saline and DCS groups (F (1,36) ¼ 2.39, P ¼ 0.131). Importantly, a significant drug × condition interaction was revealed (F (1,36) ¼ 4.33, P ¼ 0.045), indicating that the difference in freezing between groups receiving saline and DCS was greater for the extinction condition than for the latent inhibition condition. No other interactions were significant (largest F (1,36) ¼ 1.27, P ¼ .267). Further analyses confirmed that rats receiving DCS prior to extinction had significantly lower levels of freezing at test than did the animals given saline prior to extinction (F (1,36) ¼ 6.58, P ¼ 0.015). In contrast, the rats given DCS prior to CS pre-exposure exhibited similar levels of CS-elicited freezing at test as did those animals given saline prior to being preexposed to the CS (F , 1). This shows that when using identical nonreinforced CS presentations, DCS facilitates long-term extinction retention but has no effect on the development of latent inhibition.
Experiment 4: DCS does not promote the development of conditioned inhibition to contextual cues Experiment 4 used the retardation procedure to assess whether DCS causes the extinction context to become a conditioned inhibitor. The primary question in this experiment was whether rats given DCS at the time of extinction would subsequently show impaired conditioning to that context compared to rats receiving saline. All rats were conditioned in one context followed by extinction and test in a second context. Shortly before extinction, rats were injected with DCS or saline. One day after the extinction retention test, rats received an unsignalled footshock in the extinction context. Three different US intensities were used (0.4, 0.8, and 1.0 mA). The following day, rats were returned to the extinction context, and contextual freezing was measured. This experiment used a 2 (Saline, DCS) × 3 (0.4, 0.8, and 1.0 mA) design as summarized in Table 1 .
At training, CS-elicited freezing was very low for all rats on the first trial (,1%) but increased on the second trial (Saline: Mean ¼ 25.39%, SEM ¼ 4.65; DCS: Mean ¼ 29.64%, SEM ¼ 5.81). Statistical analyses revealed that there was significantly more overall freezing during the second CS presentation (F (1,52) ¼ 53.14, P , 0.001). A nonsignificant effect of drug (F , 1) and a nonsignificant drug × trial interaction (F , 1) confirmed that overall levels of freezing and the rate of acquisition did not differ between the saline and DCS groups.
There was evidence of within-session extinction in both the saline and DCS groups (Fig. 4A) . Freezing significantly decreased across trials (F (1,52) ¼ 335.02, P , 0.001). There was no significant effect of drug (F , 1) or interaction of drug and extinction trial (F , 1), confirming that saline and DCS-treated rats showed a similar rate of extinction and overall levels of fear. When tested the following day (see Fig. 4B ), drug free, those animals previously given DCS exhibited significantly lower levels of freezing than did saline-treated rats (F (1,52) ¼ 4.75, P ¼ 0.034), demonstrating that DCS facilitated extinction retention. Freezing decreased significantly on the second test trial across both drug groups (F (1,52) ¼ 34.91, P , 0.001), but there was no interaction between drug and test trial (F , 1), suggesting that DCS reduced fear across both trials.
One day after the extinction retention test, rats received an unsignalled footshock (0.4, 0.8, or 1.0 mA) in the extinction context. Figure 5 presents levels of contextual freezing in the extinction context the following day. The level of freezing was related to the intensity of the shock (i.e., more freezing in rats given the higher intensity shock). At each intensity of the shock, rats given DCS or saline exhibited similar levels of freezing. A mixed-model ANOVA with the factors of US intensity, drug, and test minute confirmed these observations. Levels of freezing significantly increased and decreased over the 5-min retardation test (quadratic A B Figure 3 . DCS facilitates extinction retention but has no effect on latent inhibition. Mean (+SEM) freezing to the CS across extinction (A) and test (B) from Experiment 3. Rats in the latent inhibition (LI) groups received six CS-alone presentations before conditioning, whereas those in the extinction (Ext) groups received identical CS-alone presentations after conditioning (n ¼ 10 for each group). Pre-exposure, extinction, and test were conducted in the same context, but conditioning occurred in a different context. Rats were injected with DCS or saline 15 min prior to preexposure or extinction. Figure 2 . DCS does not affect the development of latent inhibition using parameters that produce weak latent inhibition. Mean (+SEM) CS-elicited freezing in the pre-exposure context at test from Experiment 2. Rats were in one of three groups: Saline-3 CS (n ¼ 11), DCS-3 CS (n ¼ 11), Saline-6 CS (n ¼ 10). Injections of saline (SAL) or DCS occurred 15 min prior to pre-exposure. The DCS-3 CS group showed similar freezing at test compared to the Saline-3 CS group. Six CS pre-exposures produced less freezing than three CS pre-exposures in saline-treated rats.
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Cold Spring Harbor Laboratory Press on September 15, 2012 -Published by learnmem.cshlp.org Downloaded from trend contrast: F (1,48) ¼ 64.27, P , 0.001). Rats subjected to the higher US intensities exhibited significantly more overall freezing (F (1,48) ¼ 6.18, P ¼ 0.016) and a significantly greater increase and decrease in freezing (F (1,48) ¼ 7.01, P ¼ 0.011). There was no significant difference between rats receiving the 0.8 or the 1.0 mA footshock in level of overall freezing (F , 1) or across test minutes (F (1,48) ¼ 2.78, P ¼ 0.102). Importantly, there were no significant differences in freezing at any US intensity between animals given DCS or saline prior to extinction. There was no significant effect of drug (F , 1) and no significant interactions of drug with US intensity or test minute or three-way interaction (largest F (1,48) ¼ 1.13, P ¼ 0.293). These findings suggest that rats given DCS prior to extinction training in a novel context did not subsequently learn any less about that context and shock than did saline-treated rats. To exclude the possibility that the extinction retention test somehow reduced any inhibitory properties of the extinction context, we conducted a second retardation test with an identical design (using two shock intensities) except without the postextinction test. We replicated the findings of Experiment 4 that animals given DCS did not show any retardation of subsequent conditioning to the extinction context (data not shown). Therefore, there was no evidence, using a retardation test procedure, to support the claim that DCS enhances extinction by causing the extinction context to become a conditioned inhibitor.
Discussion
The present experiments studied the associative mechanisms underlying how DCS facilitates the extinction of learned fear. These experiments demonstrated that DCS facilitated learning involving CS-alone exposures, but only when these exposures occurred after conditioning (extinction; Experiments 3 and 4). If these CS-alone exposures occurred prior to conditioning, they impaired learning of the CS-US association (i.e., latent inhibition was observed), but DCS did not enhance this learning. More specifically, we first determined procedures that produced either weak or strong latent inhibition (Experiment 1) and then showed that treatment with DCS had no effect on either weak (three CS pre-exposures; Experiment 2) or strong (six CS pre-exposures; Experiment 3) latent inhibition. Other experiments examined whether treatment with DCS at the time of extinction training transforms the extinction context into a conditioned inhibitor; this was assessed by measuring subsequent fear learning to that context (i.e., a retardation test). With three different US intensities, there was no evidence that DCS retarded subsequent conditioning to the extinction context (Experiment 4). This was not due to a lack of drug effect because DCS significantly enhanced extinction retention.
Understanding how DCS facilitates extinction is not only theoretically interesting but also practically important. Clinically, DCS has been shown to be an efficacious pharmacological adjunct to exposure-based therapies for anxiety disorders in humans (Ressler et al. 2004; Hofmann et al. 2006; Kushner et al. 2007; Guastella et al. 2008; Otto et al. 2010; de Kleine et al. 2012) . The effectiveness of DCS in preventing some forms of relapse Bertotto et al. 2006) and reducing fear to a nonextinguished CS (Ledgerwood et al. 2005 ) offers considerable benefits for minimizing the recovery of fear after psychological treatment. Although the current results do not explain how DCS facilitates the loss of fear following extinction, they do rule out two theoretical explanations.
Firstly, the findings of the present study suggest that DCS does not augment extinction learning by reducing CS processing through learned inattention to the nonreinforced CS (Robbins 1990) . If DCS was promoting learned inattention, treatment with DCS should have enhanced latent inhibition, given that latent inhibition is the cardinal test for such inattention (Pearce and Hall 1980; Holtzman et al. 2010 ). However, it was demonstrated that DCS enhanced learning about nonreinforced CS A B Cold Spring Harbor Laboratory Press on September 15, 2012 -Published by learnmem.cshlp.org Downloaded from presentations when they occur after conditioning (extinction) but not when they occur before (latent inhibition). We administered DCS prior to CS pre-exposure and observed no effect on latent inhibition. Consistent with this finding, the modulation of NMDA receptor function by glycine (administered prior to both preexposure and conditioning) also does not affect latent inhibition (Barak and Weiner 2010) . However, DCS given at conditioning may have had a different effect on the expression of latent inhibition. For example, blockade of NMDA receptors during conditioning results in persistent latent inhibition (i.e., latent inhibition is expressed under conditions in which stronger conditioning typically overcomes the effects of CS pre-exposure) (Gaisler-Salomon and Weiner 2003) . DCS injected before conditioning effectively disrupts this persistent latent inhibition induced by blockade of NMDA receptors (Gaisler-Salomon et al. 2008) . Nonetheless, there was no evidence here to support the possibility that learned inattention to the CS is causal to DCS facilitation of extinction retention.
Secondly, we also demonstrated that the effects of DCS on extinction retention are not a consequence of the extinction context becoming a conditioned inhibitor. When DCS was given at the time of extinction, there was no evidence that these animals subsequently learned any less fear of that context than did saline-treated rats (Experiment 4). In other words, the extinction context did not pass the retardation test (Rescorla 1969) . Three intensities of shock were used, and there was a significant effect of shock intensity. Therefore, there was capacity to detect an impairment in context conditioning in the DCS-treated animals. That is, if the extinction context was, indeed, a conditioned inhibitor, then the rats treated with DCS and given a high intensity of shock should have exhibited a comparable level of freezing as those rats given saline and the lower intensity shock. As noted previously, past reports have shown, in effect, that the extinction context passes a summation test for conditioned inhibition. However, a CS must pass both the summation and retardation test to be considered a conditioned inhibitor (Rescorla 1969) . Therefore, the findings of the current study suggest that the actions of DCS cannot be attributed to conditioned inhibition to contextual cues.
Having excluded reductions in CS processing and context inhibition, a third possibility is that DCS may reduce the salience of the US representation. It has been suggested that repeated presentations of the CS during extinction activate the representation of the US. In the absence of the actual US, repeated activation of the US representation decreases the affective value of this representation so that it now elicits reduced conditioned responding (Rescorla 1973; Rescorla and Heth 1975) . There have not been any direct tests of whether DCS enhances US devaluation, but it is an important possibility because the decrement in fear produced by US habituation, like extinction, is NMDA-dependent (Storsve et al. 2010 ) and context specific (Storsve et al. 2012) . If DCS leads to a general devaluation of the US representation that is not CS-specific, this would explain why DCS given with extinction can reduce fear to another CS previously paired with the US but not extinguished (Ledgerwood et al. 2005) , which typically does not occur after extinction (e.g., Richards and Sargent 1983) . The observation that DCS prevents reinstatement after extinction Bertotto et al. 2006) can also be explained because a reinstating shock will be less effective in exciting the devalued US representation in DCS-treated animals. However, it is more difficult to interpret the finding that DCS-treated animals show renewal (Woods and Bouton 2006) by predicting that DCS enhances US devaluation. The model proposed by Rescorla and Heth (1975) does not predict renewal of CRs after habituation or extinction because weakening of the US representation should be context-independent. Consistent with this prediction, expression of the unconditioned response (UR) is context-independent after US habituation (Storsve et al. 2012) . In contrast, CRs do show renewal after habituation (Storsve et al. 2012) , suggesting that expression of the CR in DCS-treated animals may be context-specific, regardless of any augmented US devaluation.
To fully understand how DCS augments extinction, it may be more fruitful to examine the effects of DCS on extinction at the neural level. It has been demonstrated that pre-or postextinction infusions of DCS into the basolateral amygdala (BLA) facilitate extinction retention (Walker et al. 2002; Ledgerwood et al. 2003) , suggesting that the amygdala is a possible site of action of DCS during extinction. The consolidation of extinction is also thought to involve NMDA receptors in the infralimbic (IL) region of the medial prefrontal cortex (Sotres-Bayon et al. 2009 ). DCS is effective in promoting extinction retention under conditions when extinction learning is not effective and may do so through activation of the IL. For instance, compared to adults or juvenile rats which display good extinction retention, adolescent rats show impaired extinction retention and reduced levels of phosphorylated mitogen-activated protein kinase (pMAPK) in the IL after extinction . Notably, systemic DCS injections overcome this extinction retention deficit in adolescent rats (McCallum et al. 2010) . Microinfusions of DCS into the IL in adult rats also enhance the rate of re-extinction under circumstances when extinction fails (i.e., immediate extinction) (Chang and Maren 2011) . It would be interesting to determine if infusions of DCS into the IL augment extinction retention under other conditions when extinction retention is impaired, such as in adolescent rats.
Another way that DCS might facilitate the loss of fear is by enhancing the partial erasure or "unlearning" of the fear memory. The observation of relapse phenomena after extinction has typically been interpreted as behavioral evidence against the view that extinction involves erasure of the original fear memory, suggesting instead that extinction actively inhibits fear (Myers and Davis 2002; Quirk and Mueller 2008) . However, such recovery or relapse phenomena are typically weak (i.e., do not involve full restoration of the CR) and transient. It has long been noted by associative theorists that the recovery effects are consistent with the erasure of some, but not all, of the original training association (for review, see Delamater 2012) . In support of this, neural data have suggested that extinction may reverse some synaptic and structural changes induced by conditioning within the fear circuit (Quirk and Mueller 2008) . For example, extinction may reverse conditioning-induced dendritic spine remodeling in prefrontal and frontal regions (Vetere et al. 2011; Lai et al. 2012 ) and calcineurin-induced dephosphorylation of the transcription factor CREB in the amygdala (Lin et al. 2003) . DCS infused into the amygdala before or after extinction reversed conditioning-induced increase in surface expression of GluR1 containing AMPA receptors compared to controls (extinction training alone 24 h after conditioning, or DCS without extinction) (Mao et al. 2006) . These findings raise the exciting possibility that DCS may reverse some conditioning-induced neural changes in the fear circuit. Although erasure of the fear memory trace by DCS cannot be complete if these animals exhibit renewal (Woods and Bouton 2006) , even partial erasure of the fear memory by DCS would be valuable for limiting the recovery of fear and relapse after exposure-based therapies. Further research is needed to investigate how DCS alters the fear circuit during extinction.
In conclusion, the mechanisms by which DCS produces a decrement in learned fear remain elusive. The present findings demonstrate that the effects of DCS on extinction are not due to reductions in CS processing or development of conditioned inhibition to contextual cues. Understanding the processes by DCS and fear extinction www.learnmem.org which DCS facilitates extinction, aside from being theoretically important, has relevance for understanding how fear can be inhibited and enhancing therapeutic outcomes of exposure-based therapies.
Materials and Methods

Subjects
Subjects were experimentally naive adult male Sprague-Dawley rats obtained from the Animal Resources Centre (Perth, Western Australia). Rats were housed in groups of eight in plastic boxes with food and water available ad libitum. The colony room was maintained on a 12-h light-dark cycle (lights on at 7 am). Rats were handled for 2 -4 min each day for four consecutive days to habituate to the experimenter. ) to provide two different contexts. Each chamber was enclosed within a sound-and light-attenuating cabinet equipped with a ventilation fan providing constant ventilation and low-level background noise ( 58 dB). Rats were observed using a mounted infrared camera on the rear cabinet wall connected to a DVD recorder and monitor. The chambers were wiped with tap water after each experimental session.
Rats were conditioned in chambers with the ceiling, rear wall, and hinged front door constructed of clear Perspex and stainless steel side walls (referred to as Context A). The floor consisted of stainless steel rods (4-mm diameter, spaced 16 mm apart center to center) with a stainless steel tray of bedding 3.5 cm beneath. Two nose poke holes and two key lights were symmetrically located on the right side wall and were inactive during all experiments. Between the nose poke holes, there was a recessed magazine located behind a 5 × 5-cm opening in the center of the side wall. A speaker was located in the top left corner on the same side wall. Infrared lighting was the only source of illumination in Context A.
The second set of chambers (referred to as Context B) was used for pre-exposure, extinction, test, context conditioning, and retardation tests. Context B chambers had different visual features, flooring, and lighting than Context A. The ceiling and front wall of the Context B chambers had paper with vertical black and white stripes (2.5-cm width) attached. A clear Perspex insert covered the grid floor, and the stainless steel tray under the floor did not contain any bedding. The Perspex insert was removed for context conditioning sessions (Experiment 4). A white light on top of the chamber provided illumination in Context B.
The CS was a white noise; noise levels increased by 4 dB above background when the CS was presented. The US was a scrambled 0.6-mA, 1-sec shock delivered through the grid floor. In Experiment 4, a single unsignalled 0.4-, 0.8-, or 1.0-mA, 1-sec footshock was delivered for context conditioning. A computer running Med-PC IV software (Med Associates) controlled all presentations of the CS and US.
Procedure
CS pre-exposure
In Experiments 1 -3, which examined latent inhibition, some rats were pre-exposed to the CS on Day 1. After a 2-min adaptation period in Context B, three or six white-noise CS presentations, each 2 min long and separated by an ITI of 2 min, were given. Those rats receiving only three CS pre-exposures remained in the chambers an extra 12 min after the last CS presentation. In Experiment 1, rats in the no CS pre-exposure group were placed in the chambers for an equivalent duration (24 min) but received no stimuli. Therefore, all rats were equated on length of context exposure. The parameters for the six CS pre-exposures procedure were identical to those used for extinction in Experiments 3 and 4.
Conditioning
Fear conditioning occurred in Context A on Day 2 (except for Experiment 4, where it occurred on Day 1). Conditioning was identical in all experiments. After a 2-min adaptation period, the white-noise CS was presented for 10 sec and coterminated with the shock US. A second CS-US pairing was given after a 2-min ITI.
Extinction
Extinction occurred in Context B (on Day 3 for Experiment 3, Day 2 for Experiment 4) and consisted of six nonreinforced presentations of the CS (2 min each; 2-min ITI). These extinction parameters cause a substantial reduction in fear during extinction training but result in a recovery of fear at test in saline-treated animals (Ledgerwood et al. 2003) ; this recovery permits detection of any facilitatory effect of DCS on extinction retention.
Test
On Day 3 in Experiments 1, 2, and 4, and Day 4 in Experiment 3, rats were tested for CS-elicited freezing. Two min after being placed in Context B, two CSs were presented for 2 min with an ITI of 2 min.
Retardation procedure
In Experiment 4, rats were returned to Context B and, after 2 min, received an unsignalled 0.4-, 0.8-, or 1.0-mA, 1-sec footshock. This context training occurred on Day 4, 1 d after the extinction retention test. The following day, rats were returned to the same context, and contextual freezing was measured for 5 min.
Drug administration
D-cycloserine (DCS; Sigma-Aldrich) was freshly dissolved in 0.9% (wt/vol) sterile saline. DCS was injected subcutaneously (in the nape of the neck) in a volume of 1.0 mL/kg at a dose of 15 mg/ kg. Control animals received saline injections at a volume of 1.0 mL/kg. The dose and time of injection were chosen based on previous findings (Ledgerwood et al. 2003) . Rats were injected with saline or DCS 15 min prior to CS pre-exposure (Experiments 2 and 3) or CS extinction (Experiments 3 and 4; see Table 1 ). Rats were equated on DCS exposure by receiving a second injection 4 h after the start of pre-exposure or extinction; saline rats were administered DCS and DCS rats received saline in this second injection. Importantly, previous studies have demonstrated that DCS had no effect when injected 4 h after extinction training (Ledgerwood et al. 2003; McCallum et al. 2010 ).
Scoring, exclusion criteria, and statistics
Behavior was scored using a time-sampling procedure every 3 sec as either freezing or not freezing, with the exception of the 10-sec conditioning trials which were scored every second. Freezing was defined as the absence of all movement except that required for breathing (Fanselow 1980) . The total observations scored as freezing were summed and converted to a percentage. A second observer unaware of the experimental condition of each rat scored a 30% sample of test and retardation test data. The inter-rater reliability was very high (r ¼ 0.96).
DCS does not facilitate extinction retention unless withinsession extinction learning occurs (Weber et al. 2007 ). Therefore, an extinction criterion was applied so that any rat with a ≤5% decrease in freezing from the first to the last extinction trial was excluded. Eight rats in Experiment 4 (two from the Saline-0.8 mA group, one from the DCS-0.8 mA group, three from the Saline-1.0 mA group, and two from the DCS-1.0 mA group) were DCS and fear extinction www.learnmem.org excluded on this basis. No rats were excluded from Experiments 1 -3. In Experiment 1, pre-CS data for extinction was not recorded for one rat and in Experiment 2, conditioning data for two rats (one each from Saline-0.4 mA and DCS-0.4 mA conditions) were not recorded due to a recording malfunction.
Analysis of pre-CS freezing using independent measures t-tests or ANOVA where appropriate did not detect any significant group differences in any experiment. Conditioning, extinction, test, and retardation test data were analyzed using ANOVA with orthogonal contrasts. Type I error rate (a) was controlled at 0.05 for each contrast tested.
